Acetylation of lysine residues is a post-translational modification with broad relevance to cellular signalling and disease biology. Enzymes that 'write' (histone acetyltransferases, HATs) and 'erase' (histone deacetylases, HDACs) acetylation sites are an area of extensive research in current drug development, but very few potent inhibitors that modulate the 'reading process' mediated by acetyl lysines have been described. The principal readers of ε-N-acetyl lysine (K ac ) marks are bromodomains (BRDs), which are a diverse family of evolutionary conserved protein-interaction modules. The conserved BRD fold contains a deep, largely hydrophobic acetyl lysine binding site, which represents an attractive pocket for the development of small, pharmaceutically active molecules. Proteins that contain BRDs have been implicated in the development of a large variety of diseases. Recently, two highly potent and selective inhibitors that target BRDs of the BET (bromodomains and extra-terminal) family provided compelling data supporting targeting of these BRDs in inflammation and in an aggressive type of squamous cell carcinoma. It is likely that BRDs will emerge alongside HATs and HDACs as interesting targets for drug development for the large number of diseases that are caused by aberrant acetylation of lysine residues.
Lysine acetylation is similar to protein phosphorylation in its prevalence as a posttranslational modification and also has a large effect on the physicochemical property of the modified residue. The addition of an acetyl moiety to the side-chain nitrogen of lysine leads to neutralisation of charge, which can significantly influence protein conformation and protein-protein interactions, thus resulting in the modulation of enzyme activities and protein assembly (Ref. 1) . The central role of ε-Nacetylation of lysine residues (K ac ) is reflected by the large number of acetylation sites that have been identified in proteins (Ref. 2) . Acetylation is particularly abundant in large macromolecular complexes that are present in the cell nucleus, suggesting a key role of acetylation in the regulation of chromatin and transcriptional control. In particular, the unstructured tails of histones are hotspots of acetyl lysine modification. Histone acetylation levels have been associated with an open chromatin architecture and transcriptional activation, but specific marks have also been linked to chromatin condensation (e.g. H4K16) (Refs 3, 4), regulation of metabolism (Ref. 5 ) and DNA repair (Ref. 6 ). Acetylation of transcription factors can either stimulate or silence gene transcription, and inappropriate acetylation levels have been associated with aberrant transcription of disease-promoting genes in cancer and inflammation, instigating the development of inhibitors for histone deacetylases (HDACs) (Ref. 7) and histone acetyltransferases (HATs) (Ref. 8) .
Recruitment of proteins to macromolecular complexes by acetylated lysine residues is mediated by bromodomains (BRDs), which are evolutionarily highly conserved proteininteraction modules that recognise ε-N-lysine acetylation motifs (Ref. 9 ). However, BRDs in BRD4 have recently been shown to bind propionylated and butyrylated lysine residues (Ref. 10) . BRDs are named after the Drosophila gene brahma where the BRD sequence motif was first reported (Refs 11, 12) . Since then, BRDs have been identified in a number of nuclear proteins such as HATs (Ref. 13 
Role of BRD proteins in chromatin biology
BRDs have an important role in the targeting of chromatin-modifying enzymes to specific sites. Often they act with other protein-interaction modules to guarantee a high level of targeting specificity for these essential enzymes. For example, the methyltransferase ASH1L contains a combination of one BRD and one plant homology domain (PHD), as well as a bromoadjacent homology domain (BAH) (Ref. 20) . ASH1L is a member of the trithorax group of transcriptional activators. In Drosophila, ASH1L activates ultrabithorax expression, and mammalian homologues have been associated with actively transcribed genes. Another example of a multidomain methyltransferase containing a BRD is the mixed lineage leukaemia (MLL) gene product (Ref. 21), which is an essential gene and acts as a key regulator of the expression of many genes. MLL is required for proper segment identity in mammals, it displays haplo-insufficiency and regulates self-renewal of haematopoietic stem cells by controlling HOX (homeobox) gene expression (Refs 22, 23, 24) .
In addition, the HATs CREBBP and EP300 contain several protein-interaction modules, including one BRD, and zinc finger and KIX domains (Ref. 25) . Both proteins share a high degree of sequence similarity and act as transcriptional coactivators that control a large variety of biological processes, including cell growth, genomic stability, development, neuronal plasticity and memory formation, as well as energy homeostasis (Ref. 26) . CREBBP is a coactivator of the cAMP response elementbinding CREB transcription factor. The fundamental role of CREBBP is reflected by the severe phenotype of homozygous knockout mice, which die in utero with signs of defective blood vessel formation in the central nervous system, developmental retardation, and delays in both primitive and definitive haematopoiesis (Ref. 27) . Similarly, homozygous deletion of Ep300 results in mice that die between days 9 and 11.5 of gestation as a result of defects in neurulation, cell proliferation and heart development (Ref. 28). Two additional HATcontaining BRDs have been reported and these interact with EP300 and CREBBP: PCAF [also known as K(lysine) acetyltransferase 2B (KAT2B)] and the related GCN5. Both proteins acetylate histones and transcription factors, and act as transcriptional coactivators. Gcn5-knockout mice die during embryogenesis because of severe growth retardation, failure in the development of dorsal mesoderm lineages and anterior neural tube closure (Refs 29, 30). By contrast, homozygous deletion of the closely related Pcaf gene does not show gross abnormalities, but leads to short-term memory deficits and an exaggerated response to acute stress and conditioned fear, associated with increased plasma corticosterone levels (Ref. 31).
Recent data identified evolutionarily conserved AAA ATPase ANCCA (AAA nuclear coregulator cancer-associated protein)/ATAD2 as a protein required for recruitment of transcription factors of the E2F family to their target sites, and as a transcriptional coregulator of Myc, oestrogen and androgen receptors (ARs). ATAD2 associates through its BRD with histone H3 acetylated at Lys 14 during late mitosis, regulating the expression of genes required for cell cycle progression (Refs 32, 33, 34).
Dual BRD proteins of the BET (bromodomain and extra-terminal) family also have a pivotal role regulating the transcription of growth-promoting genes and cell cycle regulators. The BET family is represented by four members in humans (BRD2, BRD3, BRD4 and the testis-specific isoform BRDT), with each containing two N-terminal The TRIM family member PML (promyelocytic leukaemia protein TRIM19) has no BRD itself but associates with SP proteins, a family of three proteins in humans (SP100, SP110 and SP140) that all contain a PHD-BRD tandem module N-terminally flanked by a SAND DNA-binding domain. The complex of PML and SP100 is found in nuclear bodies, which are nuclear structures that have been associated with the pathogenesis of acute promyelocytic leukaemia (Ref. BRDs have an essential role in the assembly and correct targeting of SWI/SNF complexes, which are particularly rich in BRD interaction modules. SWI/SNF complexes, also called Brahmaassociated factors (BAFs), remodel chromatin structure, contributing to either transcriptional activation or repression of target genes, depending on the composition of the various complexes. The components of SWI/SNF complexes were originally identified in screens for mutants that result in defects in mating-type switching in yeast or that were unable to grow on sucrose (Refs 88, 89, 90 
BRD substrates
Given the central role of BRDs in epigenetic gene regulation, it is surprising that only a few substrates have been reported and mapped to specific sites. Reported affinities range from low micromolar to millimolar K D values, raising questions regarding the physiological relevance of described weak in vitro substrate interactions, as well as which additional factors contribute to binding specificity (Table 2) . BRDs are often associated with other protein-interaction modules, a mechanism that is thought to generate high target selectivity and increased binding affinity with substrates owing to avidity that is generated on simultaneous binding of several interaction domains. This property led to the suggestion that epigenetic regulation recognises patterns of post-translational modifications (words) rather than single modifications (letters) (Ref. 130 ). In addition, the reading process might require combinations of several modifications for high-affinity interaction with a single BRD. Recently, Moriniere and coworkers showed that the testisspecific BET isoform BRDT requires the presence of several acetylation sites for high-affinity binding to histone tails (Ref. 118). Interestingly, both acetylated lysines interact with the same binding pocket in BRDT (Fig. 1b) . It is also likely that other post-translational modifications, such as phosphorylation and methylation, influence substrate recognition, providing the basis for crosstalk of transcription control and cellular signalling. Similarly, the related BRD protein BRD3 also requires two adjacent acetylation sites for tight interaction with the transcription factor GATA1 (Ref. 131 ).
BRDs as therapeutic targets in cancer
Many proteins that use BRDs for their recruitment to specific regulatory complexes have been implicated in the development of cancer. BRDcontaining proteins are usually multicomponent, and often the reported disease association has not been directly linked to defects in the BRD module itself. However, a number of dominant oncogenic rearrangements and correlation of overexpression of BRD proteins with patient survival provide a strong case for targeting BRDs in cancer.
Genetic rearrangements of BRD-containing proteins have been linked to the development of a number of extremely aggressive tumours. A very aggressive poorly differentiated carcinoma that originates mainly from midline locations such as the head, neck or mediastinum is NUT (nuclear protein in testis) midline carcinoma (NMC) (Ref. BRD2 (1) BRD3 (1) BRD4 (1) BRDT(1) BRD2 (2) BRD3 (2) BRD4 (2) BRWD3 (1) BRDT (2) WDR9 (1) PHIP (1) PB1A (3) PB1B (3) PB1 (1) PB1 (2) PB1 (4) PB1 (5) PB1 ( TAF1 (1) TAF1L (1) TAF1 (2) TAF1L ( Table 1 for an explanation of protein symbols. (Fig. 2) . CREBBP also contributes to tumourigenesis of NUP98-HoxA9 and MOZ-TIF2 fusion proteins by activating transcription (Refs 139, 140 ). In addition, CREBBP mutations have been identified in relapsed acute lymphoblastic leukaemia (Ref. 140) and are very common in diffuse large B-cell lymphoma and follicular lymphoma, constituting the major pathogenetic mechanism shared by common forms of B-cell nonHodgkin's lymphoma (Ref. 141) . CREBBP and the related HAT EP300 are also highly expressed in advanced prostate cancer, and expression Table 1 
BRDs as therapeutic targets for the treatment of inflammation
Transcriptional control of proinflammatory cytokines is the central mechanism in the aetiology of inflammatory disease, and given the success of HDAC inhibitors in this area, it is likely that selective BRD inhibitors will modulate these processes. A first example has been provided by the recent pan-BET inhibitor iBET, which leads to the disruption of chromatin complexes responsible for the expression of inflammatory genes and conferred protection against lipopolysaccharide-induced endotoxic shock and bacteria-induced sepsis (Ref. 155) . Activation of proinflammatory genes is intimately linked to activation of nuclear factor κB (NFκB). The activated p65 subunit translocates to the nucleus, where its affinity to its target genes and transcriptional activity is regulated by acetylation by EP300/CREBBP. Compounds that inhibit NFκB acetylation such as the natural product gallic acid have anti-inflammatory properties (Refs 156, 157). EP300 and PCAF also regulate inflammatory responses through their expert reviews http://www.expertreviews.org/ in molecular medicine regulation of cyclooxygenase-2 (COX2) expression. COX2 is a key enzyme of prostaglandin biosynthesis that is well established as a major player in inflammatory response and a clinically successful target for the development of anti-inflammatory drugs. Stimulation by bacterial lipopolysaccharides and other cytokines leads to increased binding of PCAF and EP300 to the COX2 promoter, and its activation. Conversely, inhibitors of EP300 have been shown to reduce COX2 protein levels and promoter activities (Ref. 158) .
The concerted activation of several proinflammatory genes is regulated by the SWI/ SNF class of ATP-dependent remodelling complexes, which make the promoters of inflammatory genes permissive for transcriptional induction. The presence of the catalytic ATPase subunit BRG1 at the promoter of proinflammatory genes such as IL6 has been shown to be necessary for activation of these genes, and termination of transcriptional activation is regulated by proteasomal degradation of BRG1, ensuring a timely and adequate immune response (Ref. 159) . Although experimental data are still missing, it is intriguing to speculate that removal of BRG1 from promoter regions might have an effect on inflammatory conditions.
BRDs as therapeutic targets for the treatment of neurological diseases
Increasing evidence points to the fact that epigenetic targets have a role in the molecular manifestation of stress and related disorders. Because BRD inhibitors have only just been discovered, no study has addressed the role of BRD inhibition in neurological disorders so far. However, several studies report important functions of BRD-containing proteins in several diseases. TRIM28, for instance, is highly expressed in the mouse hippocampus and cerebellum. Inducible deletion of Trim28 in the forebrain of adult mice resulted in stress-related behaviour and cognitive impairment of these mice similar to effects observed in behavioural disorders such as borderline personality or bipolar disorder. Chromatin immunoprecipitation experiments confirmed changes in histone methylation and acetylation patterns in the promoter regions of TRIM28 target genes such as Mkrn3 and Pcdhb6 (Refs 160, 161) .
Two other BRD-containing proteins, SMARCA2 (BRM) and BRD1, have been identified in genomewide association studies as susceptibility genes for schizophrenia and bipolar disorder in several independent studies, but the molecular mechanisms are still unclear (Refs 162, 163 ). In addition, low levels of SMARCA2 have been found in the post-mortem prefrontal brains of schizophrenic patients, and the gene expression profiles in the diseased brains match those after downregulation of SMARCA2 in cells and in SMARCA2-knockout mice, which show impaired social interaction and prepulse inhibition. Interestingly, SMARCA2 expression can be increased in the mouse brain on application of antipsychotic drugs, providing further evidence of the potential of this protein as a target for the treatment of schizophrenia (Refs 164, 165) .
Mutations in CREBBP, and less frequently in EP300, are the genetic background for Rubinstein-Taybi syndrome (RTS), a rare human genetic disorder characterised by mental retardation and physical abnormalities; many patients with RTS have either breakpoints or microdeletions in chromosome 16p13.3 where the CREBBP gene is located, but also heterozygous point mutations can lead to RTS (Refs 166, 167, 168) . Several of the pathological features can be mirrored by heterozygous Crebbp-deficient mice strains (Refs 169, 170, 171) . Although the precise mechanisms underlying the disease are not yet understood, it is thought that the HAT activity of CREBBP and reduced transcriptional activity result in altered synaptic plasticity, which ultimately influences long-term memory, leading to mental retardation (Ref. 172) . EP300 also has a role in the aetiology of amyotrophic lateral sclerosis, Alzheimer disease and Huntington disease. Huntington disease is a polyQ disease in which polyglutamine repeats are added to the Huntingtin protein, causing its translocation to the nucleus and formation of aggregates. CREBBP and PCAF interact directly with Huntingtin aggregates, resulting in their depletion (Refs 173, 174) . Indeed, HDAC inhibitors have long been used as mood stabilisers and are studied for the treatment of Huntington and Alzheimer diseases (Ref. 175 ).
Development of BRD inhibitors
BRDs share a conserved fold that comprises a lefthanded bundle of four alpha helices (α Z , α A , α B , α C ), linked by highly variable loop regions (ZA and BC loops), which form the rim of the substratebinding pocket and determine substrate recognition (Refs 55, 127) (Fig. 3a) . Despite the conservation of the overall BRD fold, the surface and loop regions of BRDs are highly diverse, suggesting that inhibitors with high specificity can be designed. Cocrystal structures with peptidic substrates have demonstrated that the acetyl lysine is recognised by a central deep hydrophobic cavity, where it is anchored by a hydrogen bond to an asparagine residue present in most BRDs (Ref. 177) . Acetylation of lysine residues neutralises the charge of the ε-amino group. As a consequence, the central cavity of acetyl lysine binding sites in BRDs is quite hydrophobic and particularly rich in aromatic residues; it also has sufficient size to accommodate potent acetyl lysine competitive ligands. These properties make BRDs attractive targets for the design of pharmacologically active molecules that compete withproteininteractionsmediatedbythesemodules. Potent and very selective inhibitors have recently been published for BET BRDs ( Refs 136, 153, 178) . All inhibitors that have been published so far are based on a triazolodiazepine scaffold that successfully mimics interactions observed in BET peptide complexes (Fig. 3b) . Interestingly, a number of tightly bound and conserved water molecules remain in cocrystal structures of BET triazolo-diazepine complexes, which interact with the inhibitor through a network of hydrogen bonds (Fig. 3c) . Two BET inhibitors have been studied in two different disease models, providing compelling support of BET BRDs as targets in drug discovery. The inhibitor JQ1 has been studied in midline carcinoma where inhibition of BRD4-NUT led to terminal differentiation, cell cycle arrest and apoptosis of carcinoma cells, and significant reduction of tumour growth in patient-cell-line-derived xenograft models (Ref. 136) . The inhibitor iBET led to significant reduction of the expression of proinflammatory genes in activated macrophages, and conferred protection against lipopolysaccharide-induced endotoxic shock and bacteria-induced sepsis, supporting inhibition of BET BRDs as a strategy for the generation of immunomodulatory drugs (Ref. 153) .
Acetyl lysine mimetic inhibitors have also been reported in the case of CREBBP, competing for its interaction with p53. These inhibitors were identified by NMR screening using a library of compounds that consists of one aromatic ring connected to an −NHCOCH 3 of BRDs with their substrates, the diversity and physicochemical properties of the acetyl lysine binding site, and the large number of available crystal structures will facilitate the rational design of such inhibitors. However, BRDs usually constitute only one of the interaction domains found in BRD-containing proteins, and whether selective inhibition of the acetyl lysine interaction alone will result in the desired phenotype needs to be investigated in future research projects. Tables  Table 1. Bromodomain-containing proteins and their functions. 
